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Introduction
Room temperature ionic liquids (ILs) are salts with a melting point near or below ambient temperatures. 1 They are typically based on bulky multi-atom cations and/or anions that restrict the cation-anion distance of closest approach, thus limiting their
Coulombic attraction and consequently also lowering their melting temperature even below room temperature. Melting temperatures of room temperature ILs can therefore be much lower compared to those of salts based on atomic ions, such as NaCl, which has a melting temperature of 1074 K. In addition to having low melting temperatures, ILs have a number of unique properties, including excellent solvation ability, extraordinarily low volatility, and high thermal stability. [1] [2] [3] [4] [5] [6] [7] [8] [9] Since the physical and chemical properties of ILs can be varied by the choices of the cation and anion pair, 1 they can be used for many applications such as fuel cells, [3] [4] [5] batteries 6,7 and solar cells. 8, 9 Furthermore, ILs are also used in ionic propulsion, 10, 11 for hypergolic fuels 12 and various chemical extraction applications. 13 The vast number of possible anion-cation combinations 14 makes it valuable to rationally predict IL properties based on their constituents, 15 and considerable experimental and theoretical work has been performed to predict and measure ionic liquid properties. 16 Ab initio calculations, used to predict the structure and interactions of ILs, are typically performed on isolated "gas phase" systems. 17, 18 It is therefore attractive to study isolated ion-pairs and to examine basic IL decomposition pathways, such as dissociation or ionization. Since ILs are generally perceived as "green solvents", their decomposition pathways can lead to a variety of products that need to be considered in specific applications. Given recent works 19 demonstrating the distillation of selected families of ILs, we subsequently prepared molecular beams of IL vapor, providing a gas phase target of isolated ion pair species to obtain the photoelectron (PE) spectrum of 20 Other recent studies aimed at investigating the properties of IL vapor also include line of sight mass spectroscopy, 23, 24 IR spectroscopy, 25 and matrix isolated FTIR spectroscopy. 26 Moreover, mass spectra of cation and anion substituted ILs 20 showed that the ionization of these isolated IL ion-pairs by absorption of a single 23.2 eV photon, which is more than 14 eV above the ionization threshold, results in fragmentation with a predominant product of the intact cations. Interestingly, no signal is detected for the ionized parent ion-pair mass -i.e. removal of an electron from the ion-pair system results in dissociation of the ion pair. Since those results were obtained with a photon energy that is 14.3 eV higher than the energy needed to remove an electron from the ion-pair, which could provide ample energy to detach an electron as well dissociate the molecule, near threshold investigations are required. Field induced IL ionization studies recently provide evidence for the possible formation of undissociated parent ion systems with the combined mass of the cation and anion.
27
Here we present a study of the near threshold soft photoionization of isolated ion pairs with tunable photon energies between 8.3 eV and 9.5 eV. dynamics beamline in the near threshold region are presented for the cation-as well as anion-substituted IL vapors. In addition, PE spectra are presented, obtained with extreme ultraviolet (EUV) light produced by high-order-harmonic generation. 28 The combined set of PIE curves and PE spectra data allows extraction of the ionization energies, which are attributed to the appearance energies for the dissociative ionization of isolated ion pairs of IL vapors.
Experimental Setup
The IL vapor source is composed of an aluminum oven body heated by four resistive heater cartridges. The reservoir for the IL is a glass vial, located inside the aluminum oven as shown in Fig. 2 confirmed that no significant decomposition occurs in our vapor source in agreement with previous studies. 21 A small, undetectable amount of possible residual impurities or decomposition products are not expected to have an effect on the results presented here. The photoionization of the IL ion pairs with 23.2 eV photons, which is used to obtain the PE spectra, results in dissociative ionization and a predominant mass peak of the respective intact cation signal in photoionization mass spectra. 20 With the implementation of tunable wavelengths at the ALS chemical dynamics beamline it is possible to tune the ionizing photon energies near the thresholds of ionization that are revealed by the PE spectra. Thus a relatively soft ionization mechanism is used for examining the stability of isolated IL ion pairs. Despite the fact that soft photoionization, with near threshold photon energies, was used no parent mass peaks were observed (not shown). The excellent level of signal-to-noise allows us to assess an upper limit of better than ~1:1000 for the relative yield of parent ions at the mass of the undissociated ion-pairs, compared to the observed yield of dissociated cation mass. This indicates that the threshold ionization energies of these isolated ion-pairs coincide with the appearance energies of the intact cations produced by dissociative ionization. It is therefore concluded that removal of the highest occupied molecular orbital (HOMO) electron from the IL ion-pairs considered here leads to dissociation and formation of the intact cation.
Results and Discussion
In order to provide a more precise determination of the small binding energy shifts at the threshold ionization energies, for the cation and anion substitutions, we record PIE curves as a function of photon energy in the near-threshold ionization region.
Based on the fact that only dissociative ionization is observed in the ionization threshold region, as identified by PE spectroscopy, we assume that the appearance energy of the intact cation coincides with the ionization energy. Thus, PIE curves are constructed by recording the yield of the respective intact cation signal normalized to the ALS photon flux, as a function of photon energy. Figure 6 shows the near threshold PIE curves, . PIE curves can be compared to the integral of the PE spectra. Therefore we fit the near threshold PIE curves with a function that is the integral of the linear threshold function we successfully used for fitting the near threshold PE spectra, i.e. vanishing yield below the threshold energy and a quadratic rise of the ionization efficiency above the threshold energy. Thus the Preprint Distribution A: Approved for public release; distribution unlimitedfunctional form is ½α(E-E 0 ) 2 , where α is a fitted overall normalization factor, E is the photon energy and E 0 is the fitted threshold parameter. Interestingly, this functional form that successfully describes our data is also known as the Fowler law, which was originally developed to describe photoemission from metals, 31 but was found useful for other systems as well. 32 Similarly to the PE spectrum fitting procedure, this function is convoluted with a Gaussian resolution function, fitted to be narrower, 50 meV, and reflects the better resolution of the monochromator at the 9.0. propyl group can act to alter the spacing between the ions, increasing the cation-anion distance, therefore reducing the Coulombic interaction between the cation and the electron of the anion. Thus, we suggest that this particular cation substitution can lead to the observed binding energy shift towards lower binding energies of the anions electron.
Conclusions
Isolated ion-pairs in the IL vapor of three IL species were studied with a tunable synchrotron light source in the near threshold ionization region, between 8.3 eV and 9.5 eV photon energies as well as with 23.2 eV photons from a "table-top" high order harmonic generation light source. The combined PE spectra, near threshold mass-spectra, and PIE curves allow us to determine ionization threshold energies and to detect small binding energy shifts due to cation and anion substitutions. Theoretical calculations are needed to provide further insights into the electronic structure and the observed binding energy shifts of gas phase IL ion-pairs.
Photoionization of the examined IL vapor predominantly leads to dissociative ionization. Photodetachment of the HOMO electron results in dissociation of the ionized ion-pair system into a neutral fragment and the intact cation that is detected in the massspectra measurements. Previous works using pulsed field ionization of similar IL species have showed that the ionized [cation][anion] + mass peak can be detected in positive ion mass spectra. 27 However in the present work even with the introduction of soft photoionization, there is no evidence for the undissociated parent system in the recorded mass-spectra. One possibility is that the parent system formed by photoionization is unstable and spontaneously dissociates on a time scale that is much faster than the typical tens of μs between the quasi-continuous ALS light source and the pulsed TOF ion extraction in our experiments. 
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